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-20°-40°t ers away from the hotspot. The recognition that off-axis hotspots also produce anomalies at spreading centers led to models of preferential flow of hotspot material toward the spreading ridge, possibly along channels or along the base of the lithosphere which rises toward the spreading axis [Vogi, 1976; Schilling, 1985; Kincaid et at, 1995] .
Recently, the quantitative interactions between hotspots and oceanic ridges have been studied using a variety of approaches. Laboratory experiments have considered how mantie plumes disperse when situated both beneath a spreading center and off-axis [Feighner and Richards, 1995;  Kincaid et al., 1995] . In parallel efforts, theoretical and numerical modeling of on-ridge and off-ridge hotspots has been used both to understand the laboratory results and to constrain the properties of plumes which influence spreading centers in the Atlantic, Pacific, and Indian ocean basins [Ribe ci al. 1995; Ito ci al., 1996; Ribe, 1996; Sleep, 1996;  ftc ci at, 1997; Yale and Phipps Morgan, 1998; Ito et at, 1999] . The results of these studies indicate that the magnitude and lateral extent of hotspot influence increases with increasing plume flux and buoyancy (functions of plume dimension, ascent rate, and decreased density and viscosity values relative to nonplume mantle) and with decreasing spreading rate of the oceanic ridge. For offaxis plumes the degree of influence is inversely related to the distance to the spreading center, and it is greater when a ridge migrates away from a hotspot than when it migrates toward the hots pot.
This paper and its companion [Conder ci -41°4
20
Leg 6 of the R/V Melville's Boomerang Expedition, which surveyed and sampled rocks along a 1500-km stretch of the SEIR surrounding the ASP hotspot plateau [Johnson et al., 1996 ; Sc/wirer ci at, 1996J (Figure 1 ). The petrologic influence of the ASP hotspot on the mid-ocean ridge basalts erupted at the SEIR is clear in the major element, trace element, and isotopic compositions [Douglas ci at, 1996; Douglas Priebe, 1998; Graham ci at, 1999 et al., submitted manuscript, 1999] . This paper will concentrate on the morphology of the spreading center along this stretch of the SEIR and on the structure at depth which we can infer from gravity analysis. Conifer et al. [ this issue] present results from magnetics and seafloor morphology analysis on the nature and evolution of the plate boundary on the hotspot plateau, with comparisons to observations on Iceland.
Background
The SEIR is one of the three spreading centers which subdivides the Indian Ocean basin ( Figure 1) ; spreading occurs between the Australian and Antarctic plates. Near the ASP Plateau, the SEIR spreads at a nearly constant, full-rate of 65 mmlyr. an intermediate value in the spectrum of mid-ocean ridge spreading rates. In the hotspot frame of reference the Antarctic plate is virtually stationary [Gripp and Gordon, 1990] . Thus the Australian plate moves to the northeast in the satellite gravity anomaly (mGal) Plate 1. Free-air gravity anomalies of the study area contoured every 10 mOal, calculated from satellite altimetry data [Santhvetl and Smith, 19971 . The spreading segments (F-L). major ridge axis discontinuities. and islands are labeled; the ends oF the spreading segments in the study area are indicated with white arrow heads. Outline of the ASP platform is dotted gray line. The SW extent of the line of volcanoes ihouht to be the hotspot trace of the ASP plume is just beLow the Amsterdam l'7 label. 90°E. Ninetyeast Ridge; BR, Broken veys collected over the past several decades. Gravity data were not collected on many of these cruises, nor are all of the cruise data sets publicly available. Prior to Boomerang Leg 6, very little multibeam bathymetry and no side scan data were available for this area. Comprehensive multibeam, geophysical, and petrologic studies were conducted in 1994/1995 along the -2000-km-long section of the SEIR extending to the southeast of our study area; these extend to the Australian-Antarctic Discordance (AAD) and illustrate the gradient in axial morphology and other SEW properties toward the discordance [Cochran et al.. 1997; Goff el al., 1997; Senipere etal., 1997; Shah and Sempere, 1998 ].
Both Amsterdam and St. Paul islands are on the Antarctic plate and are within 40 km of the nearest spreading segments. A line of submarine volcanoes to the northeast of the ASP Plateau appears to be the trace of the ASP hotspot (Plate 1) [Sandwell and Smith, 1997; Mitchell and Livermore, 1998 ]. On our outbound transit we crossed a number of these volcanoes. In these bathymetry data and the satellite gravity field the volcanoes arc isolated and generally circular in plan view, with heights 1.5 to 3 km above the surrounding seafloor and basal diameters up to 40 km. The northeastern extent of this chain merges with the complex intersection of Broken Ridge and the Ninetyeast Ridge. Although seafloor in this spreading corridor has not been dated with magnetic anomalies [Rover and Sandwell, 19891 . the geometry of the volcanoes and the adjacent fracture zones (along with their age offsets from prior times) suggest that the ASP hotspot stopped forming this chain on the Australian plate between 5 and 10 Ma and that its volcanism was intercepted by the SEIR, which had been migrating toward it. We surmise that once it was captured by the ridge, the hotspot was able to build a shallow platform by adding to the igneous accretion at the spreading center. The width of seafloor affected by volcanism from the hotspot when it was off-axis is considerably narrower than the along-axis dimension of the ASP Plateau (Plate 1). Currently, the locus of ASP hotspot volcanism appears to be entirely on the Antarctic plate, where it has formed the islands and other shallow portions of the ASP Plateau.
The larger, more distant, and longer-lived Kerguelen hotspot is also thought to influence the composition of some mid-ocean ridge basalts (MORB) collected along the SEER [Hantelin Ct aL, 1986; Dosso et al. 1988; Storey et al., 19891 .
The Kerguelen Archipelago is -1150 km to the southwest of the nearest SEIR spreading segment, although MORB samples carrying the distinctive Kerguelen isotopic signature were collected near the center of the ASP Plateau. -1400 km from the Kerguelen Island [Hanielin et al., 19861 . The isotopic signatures of the ASP and Kerguelen hotspots are distinct, which discounts the hypothesis of a simple connection via a sublithospheric pipe between the large off-ridge Kerguelen hotspot and its potential near-ridge expression as the ASP Plateau [Morgan, 19781 . The Kerguelen anomaly does appear to influence the depth of the SEER axis over distances thousands of kilometers in scale [Ma and Cochran, 1996] . Just to the east of the study area near 90°E, the SEER has a depth shallower than 2500 m, and it deepens gradually to the southeast to depths >4500 m at the AAD, -1500 km away [Cochran et al., 1997; Sempere er al., 1997] . To the northwest of 90°E, the SEIR axis also gradually increases in depth to >4000 m at the Rodriguez Triple Junction, -2000 km to the northwest [e.g.. Dosso, 1988] . The axial morphology also becomes more riftlike both toward the Rodriguez Triple Junction (Plate I) and toward the AAD.
Data Set
During Boomerang Leg 6, we collected SeaBeam2000 multibeam bathymetry, side scan, underway gravity, magnetics, and P-code Global Positioning System (GPS) navigation data; we also collected rock samples from over 90 sites both on and off the spreading axis. The 120° SeaBeam2000 bathymetry swath yields a cross-track coverage -3.4 times the water depth; the SeaBeam2000 side scan swath covers -10% more area than the bathymetry swath. We acquired -50% multibeam coverage off the platform. and by narrowing the track spacing on the platform we approached full coverage for much of this shallow area.
In general, the data quality was uniformly high, in large part due to the relatively calm seas encountered in all hut a few days. To mitigate the effects of bathymetry noise, we developed a despiking algorithm for the multibeam bathymetry data which flagged as anomalous any beam whose depth was significantly (>40 m) different from the average depth of the same beam for the three preceding and three following pings. Because SeaBeam2000 data often have missing data near the edges of the swath where the spike anomalies are present, this algorithm was extended to look over five-ping and seven-ping half-width windows using correspondingly higher noise thresholds. After the despiking, the hathymetry data were edited by hand to delete any remaining outlier beams. This latter step was time consuming only for the few days when the ship pitched in heavy seas.
The raw SeaBeam2000 sonar records were converted to a 12-bit side scan format using the program sbextractss (D. Caress, personal comm.) . Because of the high sonar levels returning from nadir positions and the systematic decrease in signal toward the edge of the swath, we devised an equalizing algorithm to reduce the systematic side scan amplitude variations across the swath. Tables of equalized histograms of side scan values.
as a function of position within the swath, were calculated from a representative section of the seafloor survey to the south of the ASP Plateau. Raw side scan values were converted to their equalized counterparts via interpolations from these tables. This process equalizes across the swath both the average side scan value and the scatter of values, and maps created with these equalized data have much smaller artifacts related to the data collection geometry than their unprocessed counterparts.
The side scan data were particularly useful in delineating the Mitchell, 1993] . Reflective seafloor away from the spreading axis is thus interpreted to be a young surface, marking recent lava flows or unsedimented mass-wasted material. Using the near-axis seafloor retlectivity versus age behavior as a guide.
flat patches of seafloor with the highest reflectivity are thought to arise from surfaces younger than -0. 1 Ma, and other reflective patches are thought to represent slightly older flows, still younger than -0.4 Ma. We recovered glassy basalt samples with no appreciable sediment in rock cavities at all of the rock sampling sites located on relatively flat, highly reflective seafloor, both on-axis and off-axis; this is an important ground truth of the reflectivity/age relationship. Gravity and magnetic field data were collected and processed conventionally. The high quality of the navigation brought about excellent repeatability of along-track anomalies for crossing lines. For the 98 gravity crossovers the root-meansquare (RMS) error was 1.9 mGal, with 90% of the data falling between -2.6 and 2.8 mGal. For the 54 magnetics crossover errors the RMS was 39 nT, with 90% of the data falling between -56 and 84 nT. We attribute some of the magnetics variability to diurnal variation, which reaches 20 nT in this area at this time of year [Hitchnian el al.. 1998 ], and some to the very high magnetic field gradients associated with the shallow topography and recent volcanism of the ASP Plateau.
Segmentation of the SEIR
In the survey region the SEIR comprises 11 long-lived spreading segments ranging in length from about 50 to 300 km (Plates 1 and 2). We assign them lettered names based on their correspondence to the SEW spreading corridors studied by Royer and Schlich [1988] . These corridors start with A at the Rodriguez Triple Junction (RTJ) and increase along the SEW toward the east. Our survey encompasses the Table 1 . Ridge Axis Discontinuittes Having Offsets >10 km in the SEIR Study Area spreading center along part of corridor F and along all of corridors 0 through L (Plate I). Because the present-day spreading center exhibits complexity at a finer scale than studied when this nomenclature was devised [Royer and Schlich, 1988] , we append numbers to the two spreading segments in corridor 1 (11 and 12), and we subdivide the J corridor into four segments (ii, J2, J3, and J4).
Twelve ridge axis discontinuities with offsets >10 km segment the spreading center in the study area (Table 1) . A number of smaller deviations in the axial trace are also present, but their influence does not appear off-axis. The significant discontinuities range in size from the 310 km (nearly 9.5 Myr) offset Geelvinck transform fault to overlapping spreading centers 15 km across (-0.4 Myr).
The major transform faults of the current plate boundary existed in the past, at least since Anomaly 6 time . The SEIR between the RTJ and the AAD has a nearly straight trace except for a significant (-400 km) deviation to the southwest between segments H and L ( Figure 1 and Plate 1). The deviation was inherited, for the most part, from the shape of the breakup of Australia and Antarctica at Broken Ridge and the Kerguelen Plateau around 43 Ma LRoyer and Sandwell, 1989] . The St. Paul fracture zone (Plate I), which existed as a major discontinuity for much of the SEW spreading history, is no longer active, although the much smaller-offset Hillegom transform near the center of the ASP hotspot platform is collinear with its trace. The Hillegom transform may be the current stage of an evolving transform which formed the St. Paul fracture zone [Conder el at., this issue], but as described below, its recent evolution is complex.
Away from the ASP Plateau, the spreading segments and transform faults are perpendicular to each other, and the only nontransform offset is a small overlapping spreading center (OSC) between segments J3 and J4 at 40°50'S (Plate 3). This OSC is marked by deep, overlapping rift zones surrounding an anomalously shallow ridge. This contrasts with OSCs along faster spreading mid-ocean ridges, which are characterized by curving axial ridges surrounding an overlap basin. This unusual topography of the 40°50'S OSC suggests that while the plan view interaction of adjacent segments is similar among OSCs (related to the interactions of extensional cracks [e.g., Pollard and Aydin, 1984] conditions of different spreading centers may produce opposite topographic effects in the vicinity of an OSC. Two of the off-platform transform faults, the Zeewolf and Geelvinck (Table I) , contain intratransform spreading centers (ITSC). The ITSC segment within the Zeewolf transform fault is 15 km long, is highly reflective, separates two transform fault strands, and has formed abyssal hill lineaments which are truncated by those strands (Plate 4). A dredge haul collected fresh, glassy basalt from the axis of the Zeewolf ITSC. The limited coverage of the Zeewolf transform prohibits an assessment of how long the ITSC has been active, although the existing data are consistent with a duration at least as long as the current age offset of the Zeewoif transform fault, 1.8 Myr. In addition to the high side scan reflectivity associated with ITSCs. off-platform transform faults also have elevated backscatter due to tectonized seafloor (Plates 3 and 4), and in some instances (especially for the Vlamingh transform, Plate 3b), recent lava flows appear to extend beyond the tips of spreading segments to the deeper. adjoining seafloor.
On the ASP Plateau, there are only two, short transform faults (Plate 2a). While left-lateral strike-slip earthquakes are associated with these features [e.g., Dziewonski et al., 199 I] , their topographic expression is not as simple as for those of transforms away from the platform. The morphology of the Boomerang Transform (Plate 5) is a subtle, deep zone which is slightly oblique to the plate spreading direction and which separates the abyssal hills formed at segments 11 and 12. We classify this a transform fault because of the two left-lateral earthquake focal mechanisms which have been determined and because the seafloor fabric does not appear to be sheared as at nontransform discontinuities. The other transform fault, the Hillegom transform, has 2 km deep walls and is considerably deeper midway between the adjacent spreading segments than near the segment tips. Both the Boomerang and Hillegom transforms are associated with reflective seafloor which does not appear to arise solely from steep slopes (Plate 5). The source of the high reflectivity of the Hillegom transform may, in part, involve steep, ragged walls where sediment does not accumulate. However, some of the high reflectivity is present at the nearly flat base of the transform zone, suggesting that sediments have not accumulated on the present-day seafloor. This leads to the intriguing possibility that recent lava flows have ponded at the base of Hillegom transform; alternatively, mass wasting of the transform walls may bring about the high reflectivity. The Boomerang transform is associated with an extensive area of high reflectivity (Plate Sb). In this case the large Boomerang Seamount [Johnson et al., submitted manuscript. 1999 ] and spreading segments of 12 are nearby, so the deep associated with the Boomerang transform may form a volcanic depocenter for these volcanically active areas.
If volcanic activity is associated with the two active transforms on the ASP Plateau, this may explain another characteristic which they share: the absence of inactive fracture zone traces. The southwestern extensions of the transform faults intersect the volcanic massifs associated with Amsterdam and St. Paul islands (Plate 2). and the northeastern extensions do not disrupt the seafloor (Plate 5), as would be expected if the transform were active in the past with the same configuration. Indeed, to the northeast of the llillegom transform, the abyssal hills are continuous, curving around the present-day 12 spreading segment (Plate 5). The lack of fracture zone extensions to the active transforms on the ASP Plateau suggests either that the transform faults are not long-lived constituents of the plate boundary (perhaps they evolved recently from nontransform to transform discontinuity) or that volcanism from axis and offaxis sources obscures the transform fabric formed at the plate boundary. In all likelihood, a combination of these sources is responsible and is a consequence of this plate boundary setting near a hotspot.
This rapid evolution is also observed in the behavior of smaller ridge axis discontinuities. Segment 51 is composed of three neovolcanic zones which overlap in an en echelon manner; the overlap of each occurs over a distance equal to about half of its length (Plate 2). The individual segments are >100 oblique to the typical spreading center orientation, and their combined orientation is _200 oblique to that direction. Steady spreading with this oblique and overlapped plan view geometry is not possible for a significant amount of time, and indeed off-axis V-shaped seafloor features indicate the rapid propagation and realignment of this segment. No typical abyssal hills are formed by JI. While not as clear as JI. the northern short segment of 12 has a similar oblique orientation and less strongly lineated topography (Plate 5).
Amsterdam-St. Paul Plateau
Typical seafloor depths on the ASP Plateau are 1000-2000 m, 1 km shallower than young seafloor adjacent to the platform (Plate 2 and Figure 2 ). The 400 km along-axis shallow anomaly of the ASP Plateau is superimposed on a longer-wavelength trend of increasing axial depths toward the northwest (Figure 2) , noted above and thought to arise from the diminishing influence of the Kerguelen hoispot.
To the north, the ASP Plateau is bounded by the active Amsterdam transform fault arid a portion of its inactive fracture zone. This fault forms a nearly I-km vertical step in the seafloor, across a lateral distance <10 km. To the south, the ASP Plateau boundary is marked by a propagating rift (Plate 2) along segment 52, which is lengthening southward and rifting crust formed 2 Ma. This propagation has been occurring since at least I Ma. The western boundary of the platform occurs a few tens of kilometers to the west of Amsterdam and St. Paul Islands, although it is not well surveyed. From limited crossings, there do not appear to be tectonic features associated with this boundary, and it is likely that the drop off the platform is primarily constructional, with modification by mass wasting. To the east, the boundary of the platform is unsurveyed; part of it abuts the inactive St. Paul fracture zone. To the northeast, the boundary is marked by two troughs in the satellite altimetry (Plate I) which are possibly remnant spreading centers prior to southward jumps of the SEIR [Conder el al., this issue] . The long dimension of the ASP platform. parallel to the direction of plate spreading, is about 240 km; this represents 3.5 Myr of spreading at the current SEIR spreading rates. As Conder e al. [this issue] infer from magnetic and morphologic studies, however, the spreading on the ASP Plateau has not been continuous, and there is evidence for greater integrated crustal accretion toward the northeast due to southwestward ridge jumps.
At least five patches of seafloor away from the SEW spreading axis are highly reflective in side scan maps ( Figure Ib (Plate Sb). A number of these were sampled with dredge and wax core recoveries which all included glassy basalts with littie evidence for seafloor weathering or sediment. The side scan amplitudes are comparable to those within -10 km of the spreading axis on the platform, suggesting that these areas are covered with basalt erupted in the past hundred thousand years, assuming that the lava flow types are similar between the onaxis and off-axis areas. Other off-axis reflective areas are considerably smaller, with lateral dimensions less than several tens of kilometers.
Axial Morphology Away From the ASP Plateau
Like most intermediate-rate spreading centers elsewhere, the morphology of the SEW in the study area dispLays neither the axial high typical of fast spreading center nor the deep valley typical of slower spreading centers. Away from the ASP Plateau the axis of spreading is often within a small valley, 100-500 m deep and 5-15 km across; this valley deepens and widens toward transform faults (e.g., Plate 4a and Figure 3c ). The segments closest to the ASP Plateau, G, 11, and 13, are characterized by valleys along their entire lengths. These valleys are most obvious in the satellite gravity data (Plate 1), which has a horizontal resolution limit of -25 km [Sandwell Red wiggles superimposed on the side scan map show the measured magnetic anomalies for selected axis crossings, and the green wiggle shows predicted anomaly from a simple spreading model [Conder et al., this issuel. Yellow star is plotted adjacent to an off-axis patch of high side scan reflectivity. .çc" -and Smith, 19971 and is sensitive to seafloor variations smoothed over that scale. Elsewhere, the spreading axis may be a slight (<500 ni), broad high which itself has a <200 m deep central notch (e.g.. Plate 3a and Figure 3a ). Beyond about 20 km from the axis, the seafloor subsides in response to cooling of the plate. Lineated abyssal hills form parallel to the spreading center and the magnetic anomalies (Plates 3 and 4). These abyssal hills have relief of 50-250 m and a horizontal separation of I -3 km (Figure 3 ). These abyssal hills are similar in dimension to those observed at SEIR segments to the southeast of this study area [Goff et al., 1997] . Isolated, circular seamounts ranging in height from -200 m (Plate 3a) to -1200 m obscure the abyssal hills in places (e.g., Plate 4a).
Magnetic anomalies away from the hotspot platform are clear and easy to correlate with the global magnetic reversal sequence (Plates 3 and 4). Spreading asymmetry is generally p <10% with no systematic magnitude or sense of asymmetry across the study area. The measured total opening rates vary from 63 kmlMyr in segment H to 65 kmlMyr on segment K [Conder e al., 19961. values 
Axial Morphology on the ASP Plateau
The morphology of the spreading center on the ASP Plateau is also neither a distinctive valley nor an axial high. Topographically. the longer segments on the platform (12, J2) are situated in broad lows (10-30 km across). and the seafloor does not subside away from the spreading center as expected (Plate 5). The locations of the spreading segments would be difficult to detect from bathymetry alone. The side scan data across the platform delineate the neovolcanic zones associated ... with the spreading segments, and the most reflective zones are slightly narrower than those away from the platform (Plate 2). The more rapid near-axis reflectivity decrease on the platform (Plate 2) is probably due to higher sedimentation rates. Also. away from the axial and off-axis neovolcanic zones, the average side scan intensity of the ASP Plateau seafloor is slightly lower than that of the off-platform seafloor (Plate 2). Although we did not collect sediment thickness information, we expect that enhanced biological productivity associated with the shallow plateau, mass wasting from large edifices, and sediment redistribution are responsible for this difference between the on-platform and off-platform seafloor. The calcite compensation depth, >4 km in this area [Kennel:, 1982] , is probably not a factor in governing the sediment accumulation patterns in these near-axis regions. Abyssal hills are smaller and less continuous on the platform than elsewhere (Figure 3b ). This cannot be explained solely by the masking effects of thicker sediments, given that many isolated, 50 m and taller features are evident. More likely, the formation of smaller and less regular abyssal hills, combined with the potential of fault scarp burial from off-axis volcanism, explains this difference in seafloor fabric. As noted above, the abyssal hills which are present often curve near the ends of spreading segments, sometimes extending beyond the segment tips.
--------------------------
Gravity Analysis and Inferred Structure at Depth
The shipboard free-air gravity anomalies were interpolated onto a 1 km grid (Plate 6a) using the projection onto convex sets (POCS) interpolation method (cf. Conder et at., this issue]. The shipboard anomalies are more detailed than their satellite counterparts (Plate I), and they mimic the short-wavelength topography (Plate 2a) of scamounts, transform fault valleys, and axial depressions.
At longer wavelength (>40 km), the free-air anomaly variation does not mimic the topographic variation as closely, and the broad ASP Plateau topographic anomaly is muted in the free-air data (Figure 2 and Plate 6). This low correlation of free-air anomaly and longer-wavelength topography is common in oceanic settings, indicating the isostatic compensation of broad topographic features at depth.
Because the gravitational effect of the seafloor variation is well-known and because it contributes a large component to the measured sea-surface gravity, we remove the effect of the seafloor from the shipboard anomalies to infer deeper lateral density variations. Following the now standard method of Kuo and Forsyth [1988] . we calculate the gravitational effects of a 1.7 g/cm3 density contrast at the seafloor, a 0.2 g/cm density contrast at a depth 2 km below the seafloor, and a 0.4 g/cm3 density contrast at the Moho (here assumed to be 6 km below the seafloor). The gravity predictions from this simple, constant crustal thickness and density-structure model are then removed from the free-air anomalies to produce the mantle Bouguer anomaly (MBA). MBA variations indicate deviations in the actual crustai and mantle structure from this very simple model; negative MBA values indicate mass deficits relative to the model (as would arise from thicker crust or lower density crust and mantle), and positive values indicate mass excesses.
Large negative MBA values are associated with the ASP platform (Plate 6b), and the most negative anomalies coincide with the shallowest seafloor. The along-axis variation in MBA is presented in Figure 2 . The implied mass deficit is strong evidence for local compensation of the platform features at depth, either by crustal thickening, lower densities in the crust, lower mantle densities, or a combination of these factors.
Away from the ASP Plateau. MBA values increase with distance from the spreading axis, an effect of lithospheric cooling as the crust and mantle become older and denser [e.g., Kuo and Forsyth, 1988] . Similar to spreading centers elsewhere, the MBA contours along segments J4 and K close toward axial discontinuities, diagnostic of along-axis reductions in temperature and/or inferred crustal thickness toward these ridge offsets.
In contrast to the FAA behavior. the MBA contours are not simply correlated with the spreading segment geometry on the ASP Plateau (Plate 6b). Segments 11, JI. and J2 cut across the MBA gradients. Segment 12 parallels the MBA contours for the most part, but rather than being situated in an MBA low (as for the off-platform SEIR segments and many spreading centers elsewhere), 12 coincides with a local MBA high. These complexities in the MBA for the on-platform segments are indicative of a rapidly evolving plate boundary, extensive offaxis volcanism, and temporal variations in crustal production at the spreading center. The decrease in MBA perpendicular to segment 12 corresponds to the absence of seafloor subsidence, noted above, and may be a result of declining crustal production as the ridge begins to migrate away (to the NE) from the hotspot now located beneath the Antarctic plate.
On segment H, immediately to the north of the ASP Plateau, the MBA has the expected increase with crustal age. The MBA contours close, as expected, approaching the Zeewoif transform to the north. However, to the south near the Amsterdam transform, the MBA retains a low value. This indicates that the crustal thickening and/or thermal effects of the ASP Plateau extend at least partway along segment H, significantly to the north of the topographic platform anomaly. This is consistent with evidence from helium isotopes which indicate an extension of the mantle plume geochemical anomaly to the northwestern end of segment H but not across the Zeewolf transform to segment G IGrahanz et al., 1999] .
Marine gravity analysis often proceeds to calculate a residual MBA to account for the thermal aging effects on gravity. These residual anomalies are often used to assess the importance of lateral density variations which might occur front thickness or compositional (density) variations of crustal units or temperature. In most studies of gravity alone, discriminating among these possible causes is impossible. For the ASP Plateau data set, residual MBA's were calculated, but they are not useful for two reasons: the present-day plate boundary is more complex, with curving and overlapping segments, than this simple model can account for and the boundary has evolved significantly over timescales of <1 Myr.
Nonetheless, some inferences about deeper structure can be made simply from the MBA map (Plate fib). The greatest MBA variation is closely associated with the ASP Plateau topography. If we make the assumption that the topography of the platform is isostatically compensated in a local (Airy) Yellow stars and magnetic anomalies as in Plate 3, although the wiggle scale is compressed by a factor of 2 to account for the larger anomalies associated with the shallower seafloor depths. manner or with a very weak flexural plate, then we can use both the topographic and MBA variation to infer the depth at which compensation is occurring. This assumption of local isostasy may be nearly correct because there is only a very small freeair anomaly associated with the ASP Plateau (Plate 6a) and there are no identifiable flexural moats surrounding the large, on-platform volcanic edifices (see discussion of flexural rigidity, below). We identify seafloor shallower than 2800 m as representing the anomalous topography of the platform (Figure 4a ). Then we consider three simple models of local compensation which could support this topography: crustal thickness variation, mantle which is 200°C hotter beneath the platform than elsewhere, and 50°C hotter mantle beneath the platform. A 200°C temperature anomaly is at the large limit of anomalies inferred from hotspots elsewhere [Sleep, 1990; Schilling, 1991] . Figure 4b illustrates cross sections through these models; local compensation models simply reflect the topographic variation into the compensating surfaces. In the crustal compensation model a crustal root of 5-8 km thickness supports the main part of the platform; beneath the shallowest topography, the crustal root would be twice that thickness In the 200°C hotter mantle compensation case the hot mantle a). While each of these simple compensating models would support the anomalous platform topography equally well, they have very different gravitational predictions because of the different depth extents of the compensating surfaces. Figure 5 illustrates the predicted gravity anomalies for these three models in comparison to the MBA. Clearly, the compensating root must be relatively shallow, and the Moho source best matches the MBA amplitude and pattern. However, the fact that the shortest-wavelength signal of the MBA is not predicted in the crustal compensation model indicates that some of the isostatic compensation occurs at depths shallower than the Moho or that compensation is not complete, perhaps d to lateral variations in crustal lithology, temperature, or constituent layer thickness which are not correlated with surface topography. Some of the platform's compensation may be explained by hotter temperatures in the mantle, but these deeper contributions are necessarily small and not well-resolved by the gravity analysis (ef. the lack of detail in the 200°C and 50°C panels of Figure 5 ). The compensation of topography can also be constrained in the spectral domain using coherence and admittance analysis of gravity anomaly (a proxy for the compensating density surface at depth) and bathymetry [e.g., Forsyth, 1985; Blackman and Forsyth, 1991; Neuman,: and Forsyth, 1993] . Assuming that preflexure loads at depth are uncorrelated with preflexure loads at the seafloor, theoretical coherence and admittance spectra for the flexed configuration may be calculated for a variety of plate rigidities (or, equivalently, effective elastic thicknesses Ti), average compensation depths, and proportions of top and bottom loading. These theoretical curves may then be compared with coherence and admittance spectra derived from gravity anomaly and bathymetry data, in this instance, in gndded form. The transition from high coherence between MBA and bathymetry at long wavelengths to low coherence at short wavelengths is a sensitive indicator of the plate thickness supporting isostatic loads [Forsyth, 1985] .
Given a plate thickness estimated from coherence, the depth of compensation and proportion of bottom loading may then be estimated from the admittance spectrum.
For this analysis, a complete (or crustal) Bouguer anomaly (CBA) is used as the gravity anomaly because it is more representative of the compensating surface than the MBA, which assumes a form for the Moho variation. The CBA is calculated simply by subtracting the gravitational effects of the seafloor (1.7 g/cm3) and intracrustal (0.2 g/cm') density contrasts from the FAA. Coherence and admittance spectra for the SEIR are presented in Figure 6 . The spectral calculations are performed on the gridded data, but the resulting 2-D spectra are averaged in wavenumber bins for comparison with models which assume isotropic response functions [e.g., Blackman and Forsyth, 1991; Neumann and Forsyth, 1993] . Spectra from a single area encompassing the top of the surveyed platform are presented in Figure 6a , and the combined spectra of three areas off the platform (segments H, J3, and J4) are presented in Figure 6b . The clear difference between the coherence spectra is the transition wavelengths from high to low coherence; on the ASP platform this occurs at wavelengths of 30-60 km, and off the platform it occurs at 60-140 km. These coherence transitions may be explained by T of 1.6 and 4 km (Figure 6 ), respectively, corresponding to a more than 15-fold increase in flexural rigidity from the platform to the adjacent segments. While formal estimates of the standard error of T are typically 10-15%, a more conservative estimate is that variations in 7 of a factor of 2 can be resolved with confidence [Bechtel et al., 1990] . The 4-km effective elastic thickness for the off-platform segments is similar to values obtained for portions of the slow spreading Mid-Atlantic Ridge [Blackman and Forsyth, 1991; Neumann and Forsyth, 1993] ; the 1.6-km thickness for the elastic plate beneath the ASP Plateau confirms the very 8258 -36 -37.
-38 -39. compensation of the platform topography. The measured spectra differ from the theoretical curves in several ways: longwavelength coherence values do not reach 1.0, the ASP coherence transition is broader than that of any theoretical model, and there are some significantly nonzero coherence estimates at wavelengths shorter than the transition. These differences have been observed in other studies, and they are likely a result of lateral variation in compensation parameters within the study regions and of the limited sizes of these regions. The admittance spectrum for the platform is adequately fit using an avcragc compensation depth of II km below sea level and bottom loading equal to 75% of the top loading. The off-platform admittance can be explained with an average compensation depth of 8 km below sea level and a bottom loading fraction of 50%. These parameters are not as well constrained as 7, however, because spectral estimates are sparse for wavelcngths >100 km and because there is a trade-off between the compensation depth and the fractional loading valne. Indeed, it is unlikely that the depths of compensation and fractional loading parameters arc constant across all of the wavelengths, so the values chosen to generate the synthetic curves in Figure 6 are best used for illustration. Like the effective elastic thickness, the depth of compensation derived from this analysis is only a single representative value which falls within the range of actual compensation depths. Nonetheless, an average compensation depth of II km below sea level for the ASP Plateau and the average seafloor depth of 1-2 km imWavenumber (1/km) Wavenumber (11km) Figure 6 . Coherence and admittance spectra of complete Bouguer anomaly and bathymetry (a) for the surveyed portion of the ASP Plateau and (b) for three areas off the platform. The shaded lines illustrate theoretical coherence and admittance spectra assuming the isostatic parameters described in the text.
ply that isostatic compensation occurs at an average depth of 9-10 km below the seafloor on the platform. i.e., within the Lower crust and at the Moho of thickened oceanic crust. The average compensation depth of 8 km below sea level for the off-platform crust, along with the average -3 km seafloor depth of these segments, implies that the compensation occurs about 5 km below the seafloor, in the lower crust and at the Moho of normal thickness oceanic crust. The proportions of Lithospheric loading from the bottom relative to the top which are consistent with the observed admittance spectra range between 10% and 100%. Although not well-constrained by this analysis, these values suggest that significant underplating of low-density material occurs at the base of the cmst and within its lower levels. Lateral variations in the density of crustal units, such as the likely thickening of a low-density volcanic layer beneath a seamount edifice, introduce a contribution of Pratt isostasy to the Airy-type isostasy inferred from compensation at the Moho.
Discussion
The enhanced volcanic activity on the ASP Plateau influences alt of the geophysical and tectonic characteristics of In addition to causing off-axis volcanism, the ASP hotspot also enhances the volcanic production at the spreading center itself, as indicated by the shallow axial depths and the negative MBAs of the platform spreading centers relative to their off-platform counterparts. The smaller abyssal hills observed on the platform suggest that less of the plate separation is accommodated by tectonic extension and more is accommodated by magmatic accretion and also that volcanism may obscure tectonic fabric formed at the plate boundary. Analysis of SEW MORB compositions demonstrates the strong interaction between magmas from the ASP plume source and a more typical, depleted mantle source [Johnson et al., 1996; Douglas Priebe, 1998; Graham eral.. 19991 . The typical 1-1.5 km shallower depth of the SEIR crossing the platform relative to the spreading segments off the platform Suggests production of oceanic crust nearly twice as thick as the 6-7 km thickness observed elsewhere. Away from the spreading center, off-axis magnlatism builds volcanic edifices 1000-1500 m shallower than the spreading center. Given the local isostasy which supports these edifices (inferred from forward modeling and spectral gravity analysis). the crust at these sites is thickened by an additional 4-6 km. Ito and Lin [1995] observe topographic and residual gravity anomalies associated with the Galapagos hotspot which are similar in magnitude to those of Amsterdam-St.
Paul. The lateral extent of the Galapagos anomalies is 3 times greater than ASP, however. Ito ami Li,z [1995] attribute 70-75% of the isostatic compensation to be due to crustal thickness variations; the remainder is attributed to mantle density variations arising from temperature anomalies of 50-90°C beneath the hotspot. Near ASP, such temperature anomalies are difficult to distinguish in the geophysical data; clearly they cannot be the sole support for the platform topography (Figure 5) , and small temperature anomalies in the upper mantle produce low-amplitude gravity anomalies with a lateral extent which is large relative to the size of the survey area.
Beyond the striking differences of the crustal accretion on and off the ASP hotspot platform, other effects of the hotspot appear to be present in the spreading segments adjacent to the hotspot platform. The most significant axial valleys in the study area occur in segments G, H. and J3 (Plate 1), adjacent to the ASP Plateau. Segments G and J3 also form local depth maxima in the along-axis profile of the SEW (Plate 4), 300-500 m deeper than the adjacent segments farther from the platform. The spreading rate variation among these segments is negligible, so other causes must govern these depth differences. Some of this difference is due to the presence of uncompensated axial valleys at these segments. The axial morphology of intermediate-rate spreading centers is very sensitive to differences in axial thermal structure, with valleys indicative of colder, stronger lithosphere [e.g.. Small and Sandwell, 1989; Phipps Morgan and Chen. 1993] . If this is the case for the SEIR. why would such conditions occur immediately adjacent to the ASP hotspot platform?
One possibility is that there is a component of along-axis mantle flow away from the hotspot, as inferred independently from helium isotope analysis of the seafloor basalts [Grahwn el al. 19991. Mantle that originally wells up and melts partially beneath the platform and then migrates laterally away from the platform would inhibit melting beneath the adjacent segments; less mantle upwelling from depth beneath these segments would be required to accommodate the plate spreading and lateral input of partially depleted and cooler mantle would hinder melting. Reduced melting would diminish the likelihood of a long-term crustal magma chamber and result in stronger lithosphere to produce a well-defined axial valley and deeper spreading center. The merging of the MBA contours of segments H and J3 with the MBA low of the ASP Plateau (Plate 6b) indicates that the hotspot platform structure at depth extends beyond the topographic boundary of the platform itself. Independent evidence for the extension of the hotspot influence to segments away from the platform comes from geochemical analyses of the major and trace elements and helium isotopic compositions of the lavas, especially along segment H [Johnson er al., 1996; Graham el al., 1999] . Segment 1-1 exhibits some of the largest hotspot geochemical anomalies of any of the studied segments, and it also is characterized by the most diverse lava compositions of any of the segments. On the basis of these observations, Graham er al. [1999] suggest that the mantle beneath segment H derives from the outer portions of the ASP plume.
Thus, even though the ASP hotspot is small in comparIson to other hotspots, it fundamentally alters the way in which oceanic crust is created at the SEIR. Crustal accretion occurs at a rapidly evolving plate boundary, more than twice as much crust is produced than elsewhere, off-axis volcanism is widespread, abyssal hill creation is diminished, and geochemical anomalies are present in the erupted hasalts. Even away from the topographic platform marking the locus of hotspot volcanism, seafloor spreading is affected by along-axis mantle flow which alters the thermal conditions at segments as much as 50-200 km away from the topographic platform boundaries. The setting of this portion of the SEIR. very near to the low-flux ASP hotspot and far from the high-flux Kerguclen hotspot, presents an unusual opportunity to study a variety of ridge-hotspot interactions and their superposition. While the Kerguelen hotspot influence is largely evident in long-wavelength topographic and morphologic trends of the SEIR, the ASP hotspot creates variability of the seafloor depth and plate boundary geometry over much shorter distance scales (tens of kilometers) and time durations (<1 Myr).
